Rationale Genetically determined differences in susceptibility to drug-induced sensitization could be related to risk for drug consumption. Objectives Studies were performed to determine whether selective breeding could be used to create lines of mice with different magnitudes of locomotor sensitization to methamphetamine (MA). MA sensitization (MASENS) lines were also examined for genetically correlated responses to MA. Methods Beginning with the F2 cross of C57BL/6J and DBA/2J strains, mice were tested for locomotor sensitization to repeated injections of 1 mg/kg MA and bred based on magnitude of sensitization. Five selected offspring generations were tested. All generations were also tested for MA consumption, and some were tested for dosedependent locomotor-stimulant responses to MA, consumption of saccharin, quinine, and potassium chloride as a measure of taste sensitivity, and MA clearance after acute and repeated MA. Results Selective breeding resulted in creation of two lines [MA high sensitization (MAHSENS) and MA low sensitization (MALSENS)] that differed in magnitude of MAinduced sensitization. Initially, greater MA consumption in MAHSENS mice reversed over the course of selection so that MALSENS mice consumed more MA. MAHSENS mice exhibited greater sensitivity to the acute stimulant effects of MA, but there were no significant differences between the lines in MA clearance from blood. Conclusions Genetic factors influence magnitude of MAinduced locomotor sensitization and some of the genes involved in magnitude of this response also influence MA sensitivity and consumption. Genetic factors leading to greater MA-induced sensitization may serve a protective role against high levels of MA consumption.
Introduction
Behavioral sensitization reflects underlying neural changes that occur as a result of repeated exposure to drugs of abuse. Sensitization can be remarkably persistent (Paulson et al. 1991; Lessov and Phillips 1998; De Vries et al. 1998; Boileau et al. 2006; Boehm et al. 2008) . It is reflected in behaviors like increased stereotypy (Ellinwood and Balster 1974; Camp et al. 1994; Ferrario et al. 2005 ) and locomotor stimulation (Post and Rose 1976; Kuribara 1998; Meyer and Phillips 2007; Kelly et al. 2008) , but can also be measured as an escalation in a neurochemical response (Pierce et al. 1996; Vezina 2004) . Changes in physical attributes of neurons with repeated drug exposure have also been seen (Ferrario et al. 2005) . Sensitization has been often studied in rodents, but also demonstrated in nonhuman primates and humans (Paulson et al. 1991; Phillips et al. 1998; Strakowski and Sax 1998; Boileau et al. 2006; Castner and Williams 2007; Leyton 2007) . All reinforcing drugs have been demonstrated to induce sensitization, but this phenomenon has been most commonly studied for psychostimulants, such as methamphetamine (MA) and cocaine (Post and Rose 1976; Phillips et al. 1994 Phillips et al. , 1998 Janowsky et al. 2001; Kelly et al. 2008 ). Sensitization appears to be a significant factor in treatment resistance and thus relapse to drug use (Kalivas et al. 1998; Heilig et al. 2009; Post 2010) .
There is overlap of some neural substrates that influence sensitivity to drug-induced locomotor activation/sensitization and sensitivity to reinforcing drug effects (Kazahaya et al. 1989; Benwell and Balfour 1992; Kalivas and Duffy 1993; Phillips and Shen 1996; Pierce and Kalivas 1997; Zapata et al. 2003; Vezina 2004) . Facilitated acquisition and escalation of drug self-administration have been seen in sensitized animals (Deminiere et al. 1989; Mendrek et al. 1998; Vezina 2004; Ferrario and Robinson 2007) . Sensitized animals show increased responding for drug-paired conditioned reinforcers (Di Ciano 2007) and nonpaired natural reinforcers (Mendez et al. 2009; Pastor et al. 2010) , and enhanced preference for drug-paired stimuli (Lett 1989) . Individual differences in the degree to which reward-related cues are imbued with salience are related to susceptibililty to locomotor sensitization to drugs (Flagel et al. 2008 ). However, research on specific genetic factors that influence psychostimulantrelated behaviors like sensitization has mainly focused on single-gene effects related to neurobiological actions (for a comprehensive review, see Phillips et al. 2008) . Data are lacking on genetic factors that may impact susceptibility to sensitization.
Described herein are the results of a bidirectional shortterm selective breeding project for MA-induced locomotor sensitization. This selection compliments our previous selective breeding projects for acute locomotor response to MA ) and for MA consumption (Wheeler et al. 2009 ). One goal of this selection project was to determine whether selection for sensitization would reveal shared genetic influence with acute stimulation and MA consumption; that is, whether it would reveal that these traits are genetically correlated. Mice from the high acute MA sensitivity line displayed significantly greater sensitization to MA than did the low acute sensitivity line . We therefore predicted that the MA high sensitization (MAHSENS) line would be more sensitive to the acute stimulant effects of MA, compared to the MA low sensitization (MALSENS) line. However, data for MA consumption in the acute MA sensitivity lines suggested that higher sensitivity to MA may be aversive ; thus, we predicted a negative genetic correlation between degree of sensitization to MA and consumption of MA. Based on the absence of differences in the consumption of distinctively flavored solutions between pairs of lines selected for high and low levels of MA consumption or selected for acute MA stimulation Wheeler et al. 2009 ), we predicted that the sensitization lines would not differ in the amounts of quinine-, saccharin-, or potassium chloride-flavored water they would consume. Finally, we did not expect to see differences between the lines in MA clearance, based on previous work showing a lack of genetic correlation between brain MA levels and MA-induced locomotor activation (Grisel et al. 1997 ).
Materials and methods

Animals
These experiments were performed in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals. All procedures were approved by the Portland Veterans Affairs Medical Center (PVAMC) Institutional Animal Care and Use Committee. Reciprocal F1 and then F2 crosses were generated between C57BL/6J (B6) and DBA/2J (D2) inbred strain mice that were obtained from The Jackson Laboratory West (Sacramento, CA). The B6D2F2 cross served as the founding population for selective breeding. This cross was chosen to complement other work utilizing the same cross Wheeler et al. 2009 ). Mice used for testing were weaned at 21+2 days into same-sex groups, 2-5 per cage (28.5×17.5×12 cm, lined with Bed-o'-cobs® bedding; Animal Specialties, Hubbard, OR), and maintained on a 12:12 h light:dark cycle, with lights on at 0600 h, and ambient temperature of 21±2°C. Standard rodent diet food (Purina 5001™; Animal Specialties) and tap water were available ad libitum. All behavioral testing was conducted during the light phase between 0800 and 1600 h, except for the drinking studies, as detailed below. Drugs (+)-MA, saccharin sodium salt, quinine hemisulfate salt, and potassium chloride salt were obtained from Sigma (St. Louis, MO). For injections, MA was mixed in physiological saline (0.9% NaCl; Baxter Healthcare, Deerfield, IL) and delivered intraperitoneally (i.p.) in a volume of 10 ml/kg body weight. For drinking solutions, drugs and tastants were constituted in tap water to the concentrations given below.
Apparatus
Activity was measured in clear acrylic boxes (40×40× 30 cm) placed inside of automated activity monitors encompassed by environmental control chambers designed to exclude external light and sound (Accuscan Instruments, Columbus, OH). Eight evenly spaced photocell beams and detectors, located 2 cm above the chamber floor, recorded beam breaks, which were translated into distance traveled (cm). Each chamber was equipped with a 3.3 W incandescent bulb to provide illumination, and a fan provided ventilation and additional noise masking.
Testing and selective breeding for MA-induced locomotor sensitization B6D2F2 mice were tested for magnitude of locomotor sensitization to MA, using a 12-day procedure ( Table 1) that has been previously used in our laboratory (Phillips et al. 1994; Kamens et al. 2005) . On test days, mice were moved to the testing room 45-60 min prior to testing to permit acclimation, weighed, and then locomotor activity was monitored for 15 min in 5-min periods. Testing began immediately after i.p. injection. Day 1 saline data provided a measure of activity in a novel environment. Day 2 saline data provided a measure of baseline activity in the now familiar environment. On days 3, 5, 7, 9, and 11, response to 1 mg/kg MA was measured. This dose was chosen based on data that indicated it was not subject to ceiling effects in the measurement of sensitization ; with higher doses, acute stimulation can be profound so that behavioral sensitization may not be expressed due to a ceiling effect. The every other day MA treatment interval was chosen because others have shown a more intermittent treatment schedule to be more efficacious in producing sensitization than a daily schedule (e.g., Hirabayashi and Alam 1981) . Mice were left undisturbed in the colony room on days 4, 6, 8, and 10. Selection for magnitude of sensitization was based on a difference score for each animal, created by subtracting the day 3 initial MA response from the day 11 final MA response (day 11-day 3). Day 12 saline data provided a measure of conditioned locomotion associated with prior repeated drug exposure in the test environment.
To establish the high (MAHSENS) and low (MALSENS) lines, the 26 highest and 26 lowest scoring mice (half of each sex) were selected for breeding of the S1 generation. Mass selection was used, consistent with other similar short-term selective breeding projects Phillips et al. 2005; Wheeler et al. 2009 ); the mating of siblings or mice with common grandparents was avoided to reduce inbreeding. In each subsequent generation, the 13 male and 13 female mice, within each line, with the smallest (MALSENS) or largest (MAHSENS) day 11-day 3 sensitization scores were paired to perpetuate the lines. Acute sensitivity to MA was also examined by correcting the day 3 response to MA for saline baseline (day 3-day 2 score). A sixth generation of mice, S5G6 (where G stands for a nonselected generation), was produced by randomly breeding S5 animals within each selected line to generate additional offspring for the testing of additional traits.
Dose-response analysis of the acute locomotor response to MA Experimentally naive male and female, second or later litter mice from the S5 generation were tested for their locomotor responses to several doses of MA. The testing procedure was identical to that used during the first 3 days of sensitization testing. The MA doses used were 1, 2, 4, and 8 mg/kg.
Two-bottle choice MA drinking
In each selection generation, experimentally naive male and female, second litter mice were tested in a two-bottle choice procedure for MA preference drinking. Testing procedures were identical to those used for the phenotyping of mice selectively bred for high and low levels of MA consumption (Wheeler et al. 2009 ). Mice were singly housed and then presented for 2 days with two, tap water-filled 25 ml graduated cylinders fitted with sipper tubes, to familiarize them with the drinking apparatus. Mice were then offered a choice between tap water and a water solution containing MA in increasing concentrations (20 mg/l MA during days 1-4, then 40 mg/l MA during days 5-8). Mice had 18-h access to the MA solution to prevent anorexia associated with MA consumption when available for 24 h (unpublished data). Food was distributed around both drinking tubes, and tube positions were alternated every 2 days to account for drinking tube location biases. Consumption was measured daily in ml (accuracy-0.2 ml) and converted to mg/kg based on body weight measured every 2 days. To account for possible leakage and evaporation, similarly filled tubes were placed on empty cages on the same racks, and the average volume lost from these tubes was subtracted each day from the individual drinking values. The second and fourth day mg/kg/18 h 
Tastant consumption and preference
Following testing for MA consumption in the S2 generation, animals were returned to plain tap water for a 4-day period and were then tested for tastant preference. Experimentally naive S5G6 mice were also tested for tastant preference. The tastants were bitter quinine (0.015 followed by 0.03 mM), which is likely the most similar in taste to MA, sweet saccharin (0.033 followed by 0.066%), and salty potassium chloride (100 followed by 200 mM). Each tastant was offered for 8 days, with 4-day access to the lower concentration followed by 4-day access to the higher concentration. The order of tastant presentation was counterbalanced to control for order effects. All other methods and dependent measures were the same as for measurement of MA consumption and preference.
MA clearance
Experimentally naive male and female, second or later litter mice from the S5 generation were examined for rate of MA clearance from blood. Mice were treated five times, once every other day, with 1 mg/kg MA, using the same treatment schedule used for sensitization testing. They were returned to their home cages after MA injection, rather than being tested for locomotor behavior. Blood samples were taken after the first and fifth MA injections to assess possible differences in MA clearance rate after single and repeated treatments. Mice were placed in plastic restrainers, a small segment of tail was removed with scissors, and blood samples (80 μl) were taken from the lateral tail vein at six time points (7.5, 15, 30, 60, 120 , and 180 min following MA injection), using heparinized microcapillary tubes. Blood was placed in microcentrifuge tubes on ice. Each animal contributed only two of the six possible blood samples to conform with guidelines requiring that no more than 1% of a mouse's body weight in blood be removed in a single 24-h period. Individual mice contributed samples at 7.5 and 60 min, at 15 and 120 min, or at 30 and 180 min. Blood samples were diluted 1:5 with enzyme immunoassay buffer and processed according to manufacturer's instructions (Neogen, Lexington, KY), using a MA enzyme-linked immunosorbent assay (ELISA). The lower limit of detection was 9.5 ng MA/ml. Each sample was analyzed in duplicate, and MA concentrations were interpolated from a standard curve constructed from samples ranging from 10 to 100 ng MA/ml. To perform time-dependent analyses, it was necessary to consider the samples as independent, since samples at all time points were not obtained from each animal.
Analyses
Data were analyzed by factorial ANOVA, with repeated measures when appropriate, using Statistica software (StatSoft Version 6.1, Tulsa, OK). Complex multiplefactor interactions were deconstructed to two-way interactions, and two-way interactions were considered using simple effect analysis and Newman-Keuls post hoc mean comparisons. In selected lines, when a line difference for a trait other than the selection trait is found, this trait is said to be genetically correlated with the selection trait. This means that some of the same genes influence the magnitude of both the selection and the other measured trait (Crabbe et al. 1990 ). Realized heritability (h 2 ) of the bidirectional selection trait was calculated with MathCad 8 Professional software (MathSoft, Cambridge, MA), using methods consistent with Falconer and Mackay (1996) . Because h 2 calculated from all selection generations may not reflect h 2 in the base population, particularly when there is an immediate response to selection that does not change or changes little with additional selection pressure, h 2 was calculated for both the first selection generation and from data for all generations. Results are expressed as mean ± SEM. 
Results
Response to selection for sensitivity to MA-induced sensitization Figure 1 shows selection response data and mean values for the parents selected to generate offspring in each generation. Across all generations, MAHSENS mice displayed 43-78% greater sensitization than MALSENS mice. Because data for each generation were generated in separate experiments, factorial ANOVAs were performed separately for each generation. In all generations, there was a main effect of line (see Fig. 1 ). In the S3 through S5 generations, there were also significant interactions of line and sex; S3: [F(1,62)=4.6, p<0.05]; S4: [F(1,124)=13.2, p<0.001]; S5: [F(1,113)=4.2, p<0.05], which were associated with larger differences in the magnitude of sensitization between male MALSENS and MAHSENS mice in the S3 generation, but between female MALSENS and MAHSENS mice in the S4 and S5 generations. Thus, the impact of sex was unsystematic across generations.
Magnitude of sensitization was altered by selection in only the downward direction. Two-way ANOVAs (generation×sex) were performed that included sensitization score data from the F2 and MALSENS line or F2 and MAHSENS line. For the F2 comparison with MALSENS, a main effect of generation [F(5,364)=6.4, p<0.001] was associated with a significantly larger sensitization score in F2, compared to MALSENS mice in all selection generations; there was no interaction with sex. There were no differences between pairs of MALSENS S1 through S5 means, indicating that all response to selection occurred in the first selection generation. There were no differences in mean response between F2 and MAHSENS mice or between means of any MAHSENS generations.
A statistic that indicates the amount of variance accounted for by genetic factors, h 2 , was calculated from the slope of the regression of R (selection response based on offspring means) on cumulative S (selection differential based on population and selected parent means). h 2 after the first generation of selection was 0.17, and after five generations was 0.08. This reduction can be explained by the fact that virtually all of the response to selection occurred in the first generation of selection.
Sensitivity to the acute stimulant effects of MA during the course of selection Mean values for the acute stimulant score (day 3-day 2) for the F2 population and each generation of MA sensitization (MASENS) line mice are shown in Fig. 2 . Factorial ANOVAs were performed with data grouped on line and sex for each generation. There were statistical trends or significant differences between the lines in all generations. MAHSENS mice were more stimulated, compared to MALSENS mice. The parent means are shown in the inset of the figure. Note that the MAHSENS and MALSENS parents chosen for their high or low sensitization scores (see Fig. 1 ) did not differ in most generations with regard to their acute stimulant scores. Therefore, the difference in sensitivity of the MASENS lines to the acute stimulant effects of MA cannot be explained by differential sensitivity of their parents to the acute stimulant effects of MA. However, the magnitude of the difference between the MAHSENS and MALSENS offspring was small, not reaching typically accepted levels of statistical significance in some generations. There were no significant main effects or interactions with sex on magnitude of acute stimulant response for any generation.
Baseline activity and conditioned activation
Data from saline test days 2 and 12 were analyzed to determine whether selection for magnitude of sensitization had an impact on basal activity levels (day 1) or on conditioned activation (day 12). A repeated measures ANOVA (grouped on line and sex), with saline test day as the repeated measure, was performed for each selection generation. Sex, genotype and day interacted significantly in only the S4 generation (F(1,1240) = 5.2, p <0.05). Because there were no sex or sex interaction effects for any other generation, we summarized the data and statistical results in Fig. 3 for the sexes combined. In the S1-S3 generations, there were no line differences or sex effects, but a main effect of day reflected heightened activity levels on day 12 in all three generations (S1: F (1,100)=119.8, p<0.001; S2: F(1,65)=37.1, p<0.001; S3: F(1,62)=82.6, p<0.001). S4 MALSENS mice of both sexes displayed significantly higher levels of locomotor activity on day 2, compared to MAHSENS mice; however, only S4 male MALSENS mice were more active than male MAHSENS mice on day 12. In S5, this sex difference was absent, and MALSENS mice also exhibited higher levels of activity on both days 2 and 12, compared to MAHSENS mice. Evidence for conditioned activation was present in both lines of these generations. These results suggest that selection for magnitude of MA-induced sensitization also altered basal activity levels.
Dose-response analysis of the acute locomotor response to MA MAHSENS mice exhibited significantly larger stimulant responses than MALSENS mice to some doses of MA. Data for the acute stimulant response (day 3-day 2) were analyzed by factorial ANOVA (line×dose×sex), and a significant three-way interaction was found [F(4,178) Fig. 4 ). The lines did not differ in amount of change in activity after saline treatment from day 2 to day 3 (0 mg/kg data), and did not differ significantly in response to the 1 mg/kg dose of MA. Significant mean differences are indicated by symbols in Fig. 4 .
MA consumption and preference
MA and water drinking data are shown in Fig. 5 . Initially greater MA consumption and preference in S1 MAHSENS mice compared to S1 MALSENS mice reversed across generations. In every generation, there was an effect of concentration, such that higher amounts of MA were consumed when MA was offered in a higher concentration (all p<0.02), although the line difference was largely independent of concentration. Data were analyzed separately for each generation by repeated measures ANOVA, with concentration of MA as the repeated measure. S1 generation MAHSENS mice consumed more MA (Fig. 5a, b Examination of a significant line by sex interaction [F (1,38)=4.8, p<0.05] indicated that the line difference was larger in male than in female mice (data not shown). Although there was no significant difference in MA consumption between the lines in the S3 generation, in both the S4 and S5 generations, MALSENS mice consumed significantly more MA than MAHSENS mice [S4: F(1,37)= 5.7, p<0.05; S5: F(1,41)=5.2, p<0.05 for the main effect of line]. There were no significant interactions with sex or concentration, but, for consistency with analyses for other generations, we examined the line difference at each concentration and found higher MA consumption by MALSENS mice at both concentrations.
Preference ratio data indicated that pure water was generally preferred over solutions containing MA, as can be seen in Fig. 5c, d ; a preference ratio of 0.5 would indicate that mice were consuming equal amounts from the two bottles, whereas a preference ratio below 0.5 indicates that more fluid was consumed from the water bottle. The line differences in magnitude of the preference ratio largely mimicked the results for mg/kg MA consumption. In the S1 generation, MAHSENS mice exhibited a larger preference ratio compared to MALSENS mice [F(1,31)=4.4, p<0.05]. In the S2 generation, the line difference reversed [F(1,38)= 7.0, p<0.02], and a significant line by sex interaction [F (1,38)=4.7, p<0.05] again indicated a larger line difference for male mice (data not shown). There was no significant line difference for preference ratio in the S3 generation, but S4 and S5 generation MALSENS mice had larger preference ratios compared to MAHSENS mice [S4: F(1,37)= 7.3, p<0.02; S5: F(1,41)=6.2, p<0.02], and there were no interactions with sex.
There were no differences between the lines in volume of water consumed on the 2 days prior to MA presentation in any selection generation (data not shown). A line difference in total fluid consumed during measurement of MA consumption (Fig. 5e, f) . There were no significant effects of sex. For potassium chloride in S2 mice, there were no significant line or sex effects. For generation S5G6, a sex-specific line difference, opposite to that found in S2, for saccharin consumption and preference was found. Examination of the significant line by sex interaction [F(1,48)=11.2, p<0.01) revealed greater saccharin consumption only in female MAHSENS, compared to female MALSENS, mice, as shown in Fig. 6b . A similar interaction [F(1,48)=9.7, p< 0.01] and difference only in female mice was found for saccharin preference (data not shown). There were no significant line differences in S5G6 mice for quinine or potassium chloride consumption or preference.
MA clearance
Results are presented in Table 2 . First and fifth treatment data were included in a repeated measures ANOVA, with line and time as grouping factors; sex was excluded as we were not able to include an adequate sample size of each sex (4-5 per sex, line and time period), and selection experiment results indicated line differences in magnitude of sensitization for both sexes. Data from two of the 60 animals were lost for one of the days, due to incomplete MA injections. The ANOVA for ng/ml blood MA identified a main effect of time [F(5,104)=82.6, p<0.001]. Whether the injection was the first or fifth did not impact blood MA level at the various time points, and the lines did not differ significantly. Although there was a statistical trend for a day by line interaction [F(1,104)=3.7, p=0.06], there was no three-way interaction with time, indicating that the lines were similar with regard to MA clearance rate.
Discussion
Bidirectional selective breeding for high and low sensitivity to the locomotor sensitizing effects of MA resulted in divergence in magnitude of sensitization. However, selection was successful only in the direction of a reduction in mean level of sensitization. The difference between the selected lines, as well as heritability calculations, indicated that the majority of selection response occurred in the first selection generation. Despite modest heritability, several genetically correlated responses were identified and conformed to predictions based on previous literature. MAH-SENS mice exhibited greater sensitivity to the acute stimulant effects of MA and consumed less MA than MALSENS mice at the end of selection. The lines exhibited differences in consumption of saccharin and quinine in an early selection generation, but only a sex-specific difference in saccharin consumption at the end of selection, and were similar in their rate of MA clearance from blood.
We are aware of no reported selection projects for magnitude of drug-induced behavioral sensitization. Studies using a panel of recombinant inbred strains suggested that the genetic component contributing to individual variation in magnitude of drug-induced sensitization is relatively low (Phillips et al. 1995 ), compared to other drug phenotypes, such as ethanol drinking Phillips et al. 2005) and acute sensitivity to MA, cocaine and ethanol (Phillips et al. 1995; 1998; Grisel et al. 1997; Kamens et al. 2005) . The current data support this. In the presence of varying amounts of selection pressure, as indicated by mean values of parents chosen to contribute offspring each generation, there was little variation in the magnitude of the line difference across the course of selection. Even with added selection pressure in the S5 generation, the difference in mean value between the MALSENS and MAHSENS offspring remained about the same.
Advantages of short-term selected lines are that they can be rapidly produced and replicated in series. This provides an opportunity to confirm significant findings from an initial set of lines, or to extend initial findings in studies designed to examine mechanism. For example, initial quantitative trait locus (QTL) mapping results from a set of short-term selected lines for ethanol preference drinking , were subsequently followed in a second set of similar lines by studies of genetically correlated responses to selection (Metten et al. 1998; Phillips et al. 2005) . A negative genetic correlation between ethanol consumption and withdrawal severity found in these lines was followed up at the level of QTL mapping, and QTLs were identified that appear to influence the inverse genetic relationship; nitric oxide signaling was proposed as one mechanism involved (Hitzemann et al. 2009 ). Using genetic samples from MASENS mice, work is underway in our lab, directed at identifying the alleles that differ in frequency and the genes that differ in expression, to develop hypotheses about genetic mechanisms underlying the difference in sensitization and in genetically correlated responses. This information could be carried forward to a set of replicate lines to explore mechanistic hypotheses based on genetic results. We have recently taken this approach to examine genetic factors that influence MA consumption (Wheeler et al. 2009 ).
We have not yet produced a replicate set of sensitization lines; however, genetic relationships between traits studied in other selected lines provide a means for verification of some of the genetic correlations reported here. We previously found that mice bred for high vs. low sensitivity to the acute stimulant effects of MA also differed in magnitude of MA-induced sensitization and in amount of MA consumed ; the low acute stimulation line exhibited reduced sensitization and consumed more MA, compared to the high acute stimulation line. The same relationship was found in the MASENS lines; MAHSENS mice exhibited greater sensitivity to the stimulant effects of MA and consumed less MA, compared to MALSENS mice, at the end of selection. We previously speculated that genes that confer high sensitivity to stimulation and sensitization may protect against higher levels of MA consumption ). We have not studied the mechanisms underlying this relationship, but it is possible that there is a certain range of sensitivity to the stimulant/sensitizing effects of MA that is rewarding, and that higher levels are aversive.
We measured MA consumption and preference in every selected generation of the MASENS lines. In S1, MAHSENS mice consumed more MA than MALSENS mice, but this line difference reversed in subsequent generations. However, there was not increasing divergence between the lines in magnitude of the measured sensitization trait. It is possible that selection resulted in changes in allele frequencies that were not revealed in changes in sensitization, but were responsible for the line reversal in MA consumption and preference. Sensitization studies underway in lines of mice selected for high and low MA drinking (Wheeler et al. 2009 ) may help to clarify the genetic relationship between these traits. Differences in taste sensitivity do not appear to account for differences in MA consumption and preference either in the MASENS lines or in the MA drinking lines (Wheeler et al. 2009 ). Chance fixation of selection trait-irrelevant alleles is always a possibility in selected line results; however, it is difficult to explain the reversal in the line difference for MA consumption using this explanation. In addition, we do not yet know what blood or brain MA levels are achieved with this drinking model, something we are currently working toward evaluating by first examining patterns of drinking to determine the best time for blood sampling. The i.p. injections used for the measurement of sensitization, likely resulted in faster absorption and higher peak brain MA levels, compared to drinking. How such pharmacodynamic and pharmacokinetic factors may be involved in differences for MA-related traits between the selected lines is currently unknown.
It has been suggested that relative insensitivity to bitter tastes might reduce oral-sensory hindrances for alcohol consumption (Duffy et al. 2004) . The bitter taste qualities of MA (http://www.nida.nih.gov/Infofacts/methamphet amine.html) could influence MA intake, independently of sensitivity to the rewarding effects of MA. Quinine is most relevant for determining whether differences in preference/ aversion for bitter taste might have been responsible for the difference in MA consumption seen between the MALSENS and MAHSENS lines. Although we did find a line difference in quinine consumption in the S2 generation, the line that consumed more MA consumed less quinine (opposite to expectation) and there was no line difference in S5G6 mice. Furthermore, quinine avoidance did not correspond with differences in MA consumption in lines selectively bred for high and low MA drinking, whereas differences in sensitivity to the positive and negative motivational effects of MA did (Wheeler et al. 2009 ). Therefore, we do not think that individual differences in aversion to the taste of MA provide a likely explanation for differences in MA intake in the MASENS lines. MAHSENS mice exhibited heightened acute activation to MA at some doses. However, at the 8 mg/kg dose, male MAHSENS mice were less activated than male MALSENS mice. It is possible that MAHSENS mice are more sensitive to the stereotypic effects of MA, which begin to occur in mice at about this dose, and that stereotypy competed with locomotor stimulation (Atkins et al. 2001) . When a similar result was found in lines selected for high and low acute MA activation, we examined locomotor behavior during the first 5 min after MA treatment, a time when stereotypic effects were less likely to have developed prior to full absorption of the drug dose. The high acute stimulation line mice were more activated than the low acute stimulation line mice . We examined the current data for the first 5-min period, and obtained a similar outcome; the MAHSENS mice were twice as stimulated by the 8 mg/kg dose of MA during this time period, compared to the MALSENS mice, regardless of sex (mean±SEM=1,043±221 and 635± 256 cm for MALSENS female and male mice, respectively; mean±SEM=2,207±231 and 1,313±256 cm for MAHSENS female and male mice, respectively).
Basal activity levels were examined for correspondence with MA-induced sensitization and for conditioned activation. Day 12 activity levels were higher than levels on day 2, suggesting that prior drug exposure in the test environment may have led to conditioned activation. Over the course of selection, a line difference in activity level on saline treatment days emerged between the lines, with MALSENS mice exhibiting higher activity than MAHSENS mice. However, as shown in Fig. 1 , the size of the difference in magnitude of sensitization between the lines remained relatively consistent across generations, suggesting little impact of the change in basal activity level on this measure. In our prior selection for acute response to MA, a similar result was found; lower activity levels after saline were found in the line selected for higher sensitivity to the acute stimulant effect of MA . However, in lines selected for cocaine-induced stimulation, the opposite relationship was found (Marley et al. 1998) . When the genetic relationship between acute stimulation and sensitization was studied using recombinant inbred strains for ethanol and for cocaine, no relationships were found (Shuster et al. 1977; Phillips et al. 1995 . Furthermore, in D2 dopamine receptor knockout mice, which have markedly reduced basal activity levels, both MA-and cocaine-induced stimulation were also reduced (Welter et al. 2007; Kelly et al. 2008) . The D2 receptor mutant mice also exhibited more sustained sensitization to MA (Kelly et al. 2008) . Thus, the relationship of basal activity levels with acute drug sensitivity and sensitization is not straightforward.
We have now identified an inverse genetic relationship between locomotor response to MA (acute activation and sensitization) and MA consumption in two selected line models. Expression analyses in the MA acute activation lines identified differentially expressed genes that could contribute to differences in all three traits (Palmer et al. 2005) . Differences in the expression of casein kinase 1 epsilon (Csnkle), GABA B1 receptor (Gabbr1), and dopamine-and cAMP-regulated phosphoprotein of 32 kDa (Darpp-32) are compelling, because they can be integrated into a signaling pathway that is implicated in the modulation of locomotor response to MA (Palmer et al. 2005) . In a translational study, a relationship was identified in humans between CSNK1E and sensitivity to the stimulant effects of amphetamine (Veenstra-VanderWeele et al. 2006 ). In addition, among the many sequences and genes represented on the Affymetrix gene array that were differentially expressed in the high and low MA sensitivity lines was the glutamate receptor, ionotropic, AMPA1 (GluR1). These expression differences were found using nucleus accumbens tissue samples from drug-naive mice of the high and low MA sensitivity lines. However, the difference in GluR1 expression is compelling because a role for this receptor subtype has been considered in the actions of psychostimulant drugs. For example, cocaine has been shown to increase the expression of GluR1 protein levels in the dopamine-rich ventral tegmental area (VTA; Fitzgerald et al. 1996) , an effect that may be dependent upon the time that tissue is taken after repeated cocaine treatment (Lu et al. 2002) . Recently, cocaine was found to alter the subcellular distribution of GluR1 subunit protein in VTA neurons (Lane et al. 2010) . However, there is some question as to whether MA would have a similar effect, since no relationship was found between behavioral sensitization to amphetamine and changes in GluR1 surface expression in the nucleus accumbens of the rat (Nelson et al. 2009 ). However, data from the acute MA sensitivity lines suggest that a difference in GluR1 expression is related to genetic susceptibility to stimulation by MA, which is different from the question of how MA may affect glutamate systems. A role for preexisting differences in GluR1 distribution remains an interesting question with regard to genetic susceptibility to the stimulant and sensitizing effects of MA and level of MA consumption.
Expression data from MA drinking line mice are relevant. Nucleus accumbens tissue from drug-naive or MA-treated mice was examined using a qPCR array on which genes were represented that are relevant to addictionrelated processes (Wheeler et al. 2009 ). In drug naive mice, the serotonin (Slc6a4 or Sert) and noradrenaline (Slc6a2 or Net) transporter genes, as well as the serotonin 3a receptor gene (Htr3a), were differentially expressed. The metabotropic 4 glutamate receptor gene was also differentially expressed (Grm4). Examination of differentially expressed genes between the high and low MA drinking line mice after MA treatment suggested the involvement of signaling pathways that include MAP kinase signaling, cFos, and nuclear factor κB (NfκB). The qPCR array had only 384 genes represented, so this analysis provided a much smaller snapshot of differential gene regulation compared to Affymetrix arrays such as those used by Palmer et al. (2005) . We are currently evaluating expression differences in the drinking line mice for several brain regions using Affymetrix arrays and will be examining the same tissues in the MASENS lines. These data will allow us to identify gene expression pathway differences that may be shared in common and thus have a role in MA drinking and sensitization, as well as acute sensitivity to MA.
Heightened alcohol-induced locomotor stimulation and sensitization were associated with reduced alcohol consumption in some genetic mouse models (Phillips et al. 1995 , similar to the results obtained here for MA. Furthermore, lines of mice selectively bred for high sensitivity to acute MA-induced stimulation were also less stimulated by alcohol, but consumed more alcohol (Kamens et al. 2006) , supporting a negative genetic relationship between sensitivity to drug stimulation and drug intake. Relationships between sensitivity to the intoxicating and stimulant effects of alcohol and risk for high alcohol intake or the development of an alcohol use disorder have also been suggested by the results of multiple human studies (Schuckit 1994; Holdstock et al. 2000; King et al. 2002; Hinckers et al. 2006 ). However, we are not aware of investigations in human populations to ascertain whether sensitivity to the psychomotor stimulant effects of MA might predict risk for addiction. Our data suggest that there is a genetic relationship between these factors that could have predictive value and should be further explored.
